According to scientific dogma, Saccharomyces cerevisiae cannot grow utilizing xylose as a sole carbon source. Although recombinant DNA technology has overcome this deficiency to some degree, efficient utilization of xylose appears to require complex global changes in gene expression. This complexity provides a significant challenge to the development of yeasts suitable for the utilization of xylose-rich lignocellulosic substrates. In contrast to the dogma, we have found that native strains of S. cerevisiae can grow on xylose as a sole carbon source, albeit very slowly. This observation provided the basis for a new approach using natural selection to develop strains of S. cerevisiae with improved ability to utilize xylose. By applying natural selection and breeding over an extended period, we have developed S. cerevisiae strains that can double in less than 6 h using xylose as a sole carbon source. Strains with improved growth rate possessed increased xylose reductase and xylitol dehydrogenase activities, with the latter showing the greater improvement. This unique, completely nonrecombinant approach to developing xylose-utilizing strains of S. cerevisiae opens an alternative route to the development of yeast that can fully utilize lignocellulosic substrates.
Introduction
Saccharomyces species are the key economic yeasts used in traditional food and fermentation processes, including the manufacture of leavened dough products, beer, wine, potable distilled spirits, yeast extracts, food enzymes and other valuable byproducts (Reed & Nagodawithana, 1991) . Saccharomyces cerevisiae strains are also predominant in production of industrial and fuel ethanol using traditional starch and sugar (cane and beet) substrates. In all these applications, it is the highly efficient metabolism of hexose sugars that makes Saccharomyces, and S. cerevisiae in particular, so useful.
While at present there are adequate supplies of hexoses for production of yeast biomass, these supplies appear likely to come under pressure in the near future as growing demand for renewable fuel siphons off large quantities of starch and cane and beet sugars for the production of ethanol. Lignocellulosics provide an excellent opportunity to provide alternative sources of sugar for conversion into yeast biomass and byproducts such as ethanol, since these materials represent the most abundant sources of sugar on the planet and are produced as waste products in vast quantities from agriculture, horticulture and forestry activities (Smil, 1999) . However, lignocellulosics contain variable proportions of hexoses and pentoses (predominantly xylose), and both classes of sugars will need to be utilized efficiently if lignocellulosics are to be considered an economically viable substrate for yeasts and yeast byproducts. The problem is that native strains of the species S. cerevisiae are universally accepted as being unable to utilize xylose as a sole carbon source for growth (e.g., Batt et al., 1986; van Zyl et al., 1989; Ho et al., 1998; Barnett et al., 2000; Kuyper et al., 2004 Kuyper et al., , 2005a Sonderegger et al., 2004a, b; Karhumaa et al., 2005) .
Over the past 20 years or so, several research groups have used genetic engineering to design strains of S. cerevisiae that can grow on xylose (e.g., Ho et al., 1998; Eliasson et al., 2000; Kuyper et al., 2004) . In these approaches, genes from other organisms that can utilize xylose have been introduced by recombinant DNA methods into S. cerevisiae, enabling the yeast to ferment xylose, but not with the level of efficiency of glucose fermentation. Strains of S. cerevisiae that use xylose with the efficiencies needed to create either yeast biomass or byproducts such as ethanol economically have yet to be produced.
Even when genetically modified (GM) strains that can utilize xylose efficiently enough for industrial processes are developed, their global acceptance for food and fermentation applications will remain questionable (Pretorius, 2000) , given the restrictions on GM organisms in many countries. Therefore, ideally we should have non-GM strains of S. cerevisiae that can utilize xylose efficiently to make biomass and byproducts. Here we demonstrate that it is possible to use natural selection and breeding to develop non-GM strains of S. cerevisiae that can grow efficiently on xylose. This represents an important step in developing strains for broad industrial applications based on the use of lignocellulose as a substrate.
Materials and methods

Yeast strains and culture conditions
Strain CEN.PK 113-7D represents an isogenic, prototrophic member of the commonly used CEN.PK family of laboratory strains of S. cerevisiae (Kuyper et al., 2004 ). Baker's yeast strain NL67 has been described previously (Higgins et al., 1999) . Strain MBG 2303 was derived in this work. Standard classic genetic strategies were used to make yeasts to sporulate and mate (Fowell, 1969; Sherman et al., 1981 
Assay of xylose, xylitol, glycerol and ethanol
Yeast cultures growing in XMM liquid medium were sampled at various intervals by removing 1 mL of culture. Half of the sample was placed in an Eppendorf centrifuge set at 12 000 g for 3 min and the resultant supernatant was frozen at À 20 1C. The remaining 0.5 mL of culture sample was frozen without precentrifugation. Samples were thawed immediately prior to assays. Xylose was assayed in supernatants by the phloroglucinol method (Eberts et al., 1979) against a pure xylose standard. Xylitol was assayed in supernatants using a commercially available kit (R-Biopharm, Darmstadt, Germany). Total glycerol was obtained by boiling the 0.5 mL of culture sample including yeast cells, and then assayed enzymatically as described previously (Myers et al., 1997 and 5 units (c. 24 h). In the cases of CEN.PK 113-7D and NL67, the A 600 nm did not exceed 1.5 units (this growth being mostly due to utilization of substrates supplied by yeast extract and peptone -data not shown), and these cultures were harvested after 24 h. Cultures were harvested by centrifugation at 3000 g and 4 1C for 5 min, the supernatant discarded and the cell pellet resuspended in chilled distilled water and recentrifuged. The resultant supernatant was discarded and the process repeated so as to remove all traces of medium. Cells were resuspended in disintegration buffer and cell extracts prepared and assayed for XR, XDH and XK activities according to the methods described previously (Eliasson et al., 2000) . Protein was assayed using a bovine serum albumin standard (Lowry et al., 1951) . One unit of activity is defined as 1 nanomole of NADP 1 reduced or NADPH oxidized min À1 mg protein À1 at 30 1C.
Results
Native strains of S. cerevisiae show variable but very weak ability to use xylose as a sole carbon source for growth
In direct contrast to the accepted view that S. cerevisiae cannot use xylose as a sole carbon source for growth, we have found that some native strains of this species utilize xylose inefficiently for growth on XMM medium (Fig. 1 ). In addition, when populations of genetically diverse strains of S. cerevisiae were placed on XMM, heterogeneity in microscopic colony development was observed, suggesting that there is some genetic variability in the xylose growth phenotype (data not shown). The observations that native yeasts do in fact grow, though extremely slowly, using xylose as a sole carbon source, and that different strains vary in this phenotype, provide an ideal starting point for the use of breeding and natural selection to derive completely non-GM yeast strains with the ability to grow on xylose rapidly.
Classic breeding and selection produces populations of S. cerevisiae that can use xylose efficiently as a sole carbon source
Various industrial, wild-type and laboratory strains of S. cerevisiae (Bell et al., 2001) were sporulated, germinated and mass-mated to create a heterogeneous population. Initially, because the growth of progenitor S. cerevisiae strains resulted in extremely slow growth and poor yields, selection was performed on agar-solidified XMM to provide maximum aeration and to reduce the risk of contamination from non-S. cerevisiae organisms that could outgrow the desired yeasts. Use of agar plates also enabled growth to be determined by microscopy, and allowed monitoring of the level of heterogeneity of growth on xylose within successive populations. Selection on solid medium, followed by sporulation and remating en masse prior to reselection on solid medium, resulted in a series of populations designated P1 to P6 (Table 1) . After several rounds of breeding and selection on solid XMM, the growth rate and yield of the heterogeneous population had increased sufficiently to allow transfer to selection in liquid XMM. The population was then inoculated into liquid XMM and incubated until the culture reached an A 600 nm of at least 2 units. After being subcultured in liquid XMM several times, the population was sporulated and the spores used to construct a new population by mass-mating techniques. The new population was exposed to selection pressure by serial transfer in liquid XMM. This procedure produced a series of populations (P7 to P13 in Table 1 ) that had gone through an increasing number of rounds of mating and subsequent selection in liquid XMM. The populations P1 to P10 exhibited no growth on medium without carbon sources, strong, nonvariable growth on glucose minimal medium, and progressively more efficient growth on solid XMM (Fig. 2) . Growth and yield of the populations in liquid XMM increased throughout the period of continual breeding and selection, as indicated by the exponential trend of the decrease in mean doubling times for sequential populations (Fig. 2) . A population (P12) that had been through 22 mating cycles and XMM selections over a total period of 1377 days was used to construct a new population P13 (Table 1) . After the P13 population had been subjected to 86 days of selection in liquid XMM, 30 individuals were isolated as single, purified colonies from the population. The isolates were subjected to assay of mean doubling time over a period of 7 h in logarithmic phase in XMM. The isolates from the selected population showed mean doubling times ranging from 8 to 5 h with a population mean of 5.49 (AE 0.33) h. A frequency histogram of the mean doubling times revealed a nonstandard distribution, with a bias towards the most rapidly growing strains (Fig. 3) . The pattern of deviation from a standard curve is consistent with an enrichment of the population for the strains capable of most rapid growth on XMM. Characterization of a non-GM strain of S. cerevisiae that can use xylose efficiently as sole carbon source Strain MBG 2303 is a representative pure strain obtained as a single-colony isolate from the P13 population. It was confirmed that MBG 2303 was S. cerevisiae by sporulating pure cultures and then confirming the ability of resultant haploids to mate with known MATa or MATa laboratory strains of S. cerevisiae (data not shown). Strain MBG 2303 was inoculated into XMM, and the increase in culture density, and concentrations of xylose, xylitol, glycerol and ethanol, were assayed. The strain grew (Fig. 4) Growth using xylose, and activities of XR, XDH and XK in xylose-utilizing S. cerevisiae relative to unselected strains
Strain MBG 2303 was compared directly with strains CEN.PK 113-7D and NL67 in order to determine the extent of its differentiation from unselected S. cerevisiae strains (Table 2 ). Strain CEN.PK 113-7D gave no significant growth . Frequency distribution of mean doubling times for individual isolates of non-GM Saccharomyces cerevisiae on XMM. Thirty individual colonies purified randomly from a mass-mated population, P13, which had been subjected to 23 cycles of mass mating and 1463 days of selection, were inoculated into XMM and assayed for mean doubling times over a 7-h period of logarithmic growth.
in terms of measurable absorbance of culture, and NL67 produced an increase of only c. 20% in 48 h in XMM. Strain MBG 2303, however, produced a more than 50-fold increase in biomass in the same period. Assays of key enzymes in xylose utilization indicated that the native strains CEN.PK 113-7D and NL67 possessed detectable activities of XR and XDH (Table 2 ). In strain MBG 2303, XDH activity was 80-fold greater than in CEN.PK 113-7D and NL67, whereas XR activity was less than four-fold higher. Enzyme assays of the various selected populations en masse also showed progressive and significant increases in XDH, which were greater than those in XR, but no changes in XK. For example, population P4 showed a three-fold increase in XR and c. 10-fold increase in XDH activities relative to P1, whereas population P12 showed a seven-fold increase in XR activity and a 60-fold increase in XDH activity relative to P1.
Discussion
This research demonstrates that it is possible to generate xylose-utilizing strains of S. cerevisiae without the need for any genetic engineering. Our approach is based solely on principles of breeding and natural selection, and has allowed us to obtain strains of S. cerevisiae that have the ability to grow efficiently using xylose as sole carbon source. The initial very weak growth that we observed on xylose minimal agar plates was surprising, since the dogma has been that wild-type or native S. cerevisiae cannot grow in or on media where xylose is the only carbon source (Batt et al., 1986; van Zyl et al., 1989; Eliasson et al., 2000; Salusjärvi et al., 2003; Wahlbom et al., 2003; Kuyper et al., 2004 Kuyper et al., , 2005a Sonderegger et al., 2004a, b) . Presumably, the microscopic colonies that we obtained after several weeks of incubation of plates resulted, in part, from the trace activities of the xylose-metabolizing enzymes XR and XDH present in native strains of S. cerevisiae. These activities were previously interpreted as being insufficient to allow growth (Batt et al., 1986) .
In cases where earlier workers have previously observed xylose utilization by Saccharomyces at all, the culture media have always included complex additives such as yeast extract, peptone and/or malt extract, which supply other carbon sources that yeast can metabolize (Gong et al., 1983; Gong, 1985; van Zyl et al., 1989; Lebeau et al., 1997) . The work by van Zyl et al. (1989) showed that strains of S. cerevisiae could use xylose weakly and to varying degrees in the presence of raffinose, glucose, glycerol and ribose, but not in the absence of this mixture. That work also showed that S. cerevisiae could grow slowly on xylose in yeast extract medium, but not in YNB, and that it is most likely the ribose present in yeast extract that permitted the xylose utilization.
Our studies have not shown on which genes natural selection has operated to allow the development of yeast that can grow on xylose. However, searching the S. cerevisiae genome reveals that it possesses ORFs YHR104w (GRE3), YPR1, YJR096w, YLR070c (ScXYL2), SOR1 and YDL246c, which show some homology to genes involved in xylose metabolism by other species (Toivari et al., 2004) . It is thus most likely that these genes were involved in the enhancement of XR and XDH activities observed in our strains.
Strain MBG 2303 indicates that significantly greater levels of XR and XDH were present in strains that had evolved a greatly improved ability to grow on xylose as the sole carbon source. It is notable that in the unselected strains CEN.PK 113-7D and NL67, the XDH activity was lower than that of XR, suggesting the possibility that XDH would be more The classic laboratory strain CEN.PK 113-7D, and an industrial baker's yeast, NL67, represent native S. cerevisiae strains unselected for xylose utilization. MBG 2303 was isolated from population P13 (Table 1) , which had been sequentially bred and selected using xylose as sole carbon source. Growth refers to fold increase in biomass over inoculated density in 48 h, using xylose as sole carbon source. Enzymes for xylose utilization, xylose reductase (XR), xylitol dehydrogenase (XDH) and xylulose kinase (XK), were assayed as described in Materials and methods. Data are means (n = 3) ( AE SD).
rate-limiting for xylose utilization than XR. This view is supported by the fact that in strain MBG 2303 the degree of enhancement of XDH activity was much more extensive than that of XR. Similarly, when sequentially bred and xylose-selected populations were studied, the average XDH activity for the populations as a whole increased to a greater extent than that of XR in concert with the increase in growth rates. The finding that XK did not change in the evolved populations and in strain MBG 2303, relative to CEN.PK 113-7D and NL67, suggests that this activity is not associated with the increase in growth on xylose at the rates achieved in our studies. It is possible that the activities of XR and XDH remain rate-limiting in strain MBG 2303 and so there was no selective pressure to improve the activity of XK at the stage of evolution reached by this strain. Our use of natural selection to develop xylose-using strains of S. cerevisiae contrasts with the use of genetic engineering, which relies on rational design. In the rational-design approaches, the limitations of genetic engineering ensure that only a small number of genes can be targeted at any one time. In addition, extensive biochemical knowledge is required to decide which genes to introduce, and which native genes to modulate and in what manner. Indeed, a problem associated with the genetic-engineering strategy is that incorporation of specific xylose-metabolizing genes is not of itself sufficient to generate useful strains of yeasts. Proteomic studies of S. cerevisiae genetically engineered to grow on xylose have revealed over 20 proteins that show clear differences in abundance between strains that use glucose and xylose as carbon sources (Salusjärvi et al., 2003) . Transcriptome analyses of a recombinant S. cerevisiae strain that grows anaerobically on xylose revealed that over 550 genes exhibited statistically significant differential expression patterns (Sonderegger et al., 2004a) . The genes were involved in central carbon metabolism, particularly in the xylose-specific, pentose phosphate and glycerol pathways, as well as in redox metabolism. These findings, and metabolic flux balance analyses , suggest that global changes are required in order to obtain S. cerevisiae strains that are able to utilize xylose as efficiently as glucose. This fact has been recognized by workers employing genetic engineering, who have found that subsequent application of chemical-mutagenesis and adaptive-culturing methods to recombinant strains of S. cerevisiae results in improved xylose-utilization characteristics (Sonderegger & Sauer, 2003; Wahlbom et al., 2003; Kuyper et al., 2005a) .
Although our population-genetics approach is a 'black box', we believe that it can offer practical advantages over the more systematic genetic-engineering approach. For example, the differences in levels of change of the XDH and XR activities suggest that our strategy has individually optimized specific activities to enable increasingly efficient metabolism of xylose by S. cerevisiae. This is an advantage of the population-genetics approach, since natural selection works on all genes simultaneously within the gene pool. That is, combinations of genes that are advantageous are selected for, and combinations that are disadvantageous are selected against. As a result, it can be expected that each gene that influences the ability of the yeast to grow on xylose minimal medium will be individually optimized. This allows for continuous improvements in growth rates, as demonstrated by the sequential populations described here. In addition, very little knowledge of the biochemistry of xylose utilization is required to set up conditions that will select for yeast with optimized growth rates on xylose.
The results of this research open an alternative route to the development of industrial xylose-utilizing strains of S. cerevisiae. The population-genetics approach can also offer the ability to develop fully non-GM strains, which is important, given that non-GM organisms are preferred in many jurisdictions throughout the world for food and fermentation processes. Where use of GM organisms is permissible, our population-genetics approach could be coupled with the genetic-engineering strategies to derive optimally performing yeast strains for fuel ethanol and other applications.
